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Electron microscopyThe transmembrane domain of Klebsiella pneumoniae OmpA (KpOmpA) possesses four long extracellular
loops that exhibit substantial sequence variability throughout OmpA homologs in Enterobacteria, in comparison
with the highly conservedmembrane-embedded β-barrel core. These loops are responsible for the immunological
properties of the protein, including cellular and humoral recognition. In addition to key features revealed by struc-
tural elucidation of the KpOmpA transmembrane domain in detergent micelles, studies of protein dynamics pro-
vide insight into its function and/ormechanism of action.We have investigated the dynamics of KpOmpA in a lipid
bilayer, using magic angle spinning solid-state NMR. The dynamics of the β-barrel and loop regions were probed
by the spin–lattice relaxation times of the Cα and Cβ atoms of the serine and threonine residues, and by cross-
polarization dynamics. The β-barrel core of the protein is rigid; the C-terminal halves of two of the four extracel-
lular loops (L1 and L3),which are particularly long in KpOmpA, are highlymobile. The other two loops (L2 and L4),
which are very similar to their homologs in Escherichia coli OmpA, and the N-terminal halves of L1 and L3 exhibit
more restricted motions. We suggest a correlation between the sequence variability and the dynamics of certain
loop regions, which accounts for their respective contributions to the structural and immunological properties of
the protein.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Membrane proteins represent approximately one-third of all pro-
teins in living organisms [1], are involved inmany key physiological pro-
cesses, and are favored targets for therapeutic drug development [2].
Detailed investigation of membrane protein structure, dynamics and
molecular interactions in functional environments is, therefore, a major
challenge for structural biology.er membrane protein A; TM,
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tunities to probe the structure of integral membrane proteins at atomic
resolution, as well as their associated molecular motions over a large
time scale, under different conditions [3,4]. A combination of reﬁned
isotope-labeling schemes and multidimensional transverse-relaxation
optimized spectroscopy (TROSY)-based solution-state NMR experiments
can be used to determine the entire 3D molecular structures of small to
medium-size β-barrel and α-helical integral membrane proteins in
membranemimetic environments, provided thatmolecular entities tum-
ble rapidly [5,6]. Solid-state NMR (ssNMR) spectroscopy offers a comple-
mentary spectroscopic tool to monitor the molecular structure and
dynamics of larger integral membrane proteins at atomic resolution
and in complex settings, such as membrane bilayers [7,8].
We have previously determined the 3D structure the 210-residue
TMdomain of the outermembraneprotein A fromKlebsiella pneumoniae
(KpOmpA) in DHPC detergent micelles [9]. K. pneumoniae is a Gram-
negative bacterium that is responsible for respiratory tract and urinary
infections. KpOmpA belongs to the OmpA family of proteins that is
well conserved among Enterobacteria and has diverse roles in bacterial
cellular processes [10–12]. For example, OmpA can function as an
adhesin and invasin, participates in bioﬁlm formation, acts as both an
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phages [13]. Pore-forming activity of KpOmpA has been reported [14]
and subsequently debated [13,15]. Although sequence conservation
within the OmpA family is particularly high in the TM domain (~80%),
the extracellular loops exhibit larger variability in terms of length and
amino-acid sequence. Interestingly, the extracellular loops of KpOmpA
appear to play important roles in the immunological properties of the
protein, such as cellular recognition mediated by the scavenger recep-
tors LOX-1 and SREC-I, and humoral recognition mediated by the long
pentraxin PTX3 [11,16]. When solubilized in DHPC micelles, the struc-
ture of the TM domain of KpOmpA (Met3-Glu207) consists in an anti-
parallel 8-stranded β-barrel with four extracellular loops of different
lengths and three short periplasmic turns that closely mirror available
3D structures of Escherichia coli OmpA TM domains [17–20]. We
reported that the KpOmpA TM domain in DHPCmicelles exhibits a mo-
bility gradient, with mobility increasing from the β-barrel core toward
the extracellular loops [9]. Although the center of the β-barrel is highly
rigid, the protein segments that surround the two aromatic girdles at
the interface exhibit sizable motions on the millisecond time scale. Fi-
nally, the extracellular loops are disordered and characterized by nano-
second time-scale motions of different amplitudes.
Key to further characterization of KpOmpA is the investigation of its
structure and dynamics at atomic resolution in native-like environ-
ments, such as lipid bilayers, where lateral pressure [21], membrane
curvature [22], lateral organization, domain formation [23] and protein
oligomerization [24,25] occur and may play important roles in the pro-
tein structure, dynamic and function. In order to achieve this aim, we
reconstituted the uniformly [13C, 15N]-labeled KpOmpA TM domain in
lipid bilayers from awell-folded and soluble form in detergentmicelles,
and have investigated the folding and dynamics of the protein using
ssNMR spectroscopy under magic angle spinning (MAS) conditions.
First, the reconstitution of KpOmpA in lipid bilayerswas optimized. Suc-
cessful reconstitutions with a lipid-to-protein ratio (LPR) equal to or
below 0.5 (w/w) were analyzed by electron microscopy (EM) to moni-
tor sample homogeneity and the presence of protein patches. Then,
KpOmpA-containing proteoliposomes were analyzed by ssNMR spec-
troscopy to probe the folding and local dynamics of the protein. Using
1- and 2D ssNMR experiments employing either scalar- or dipolar-
based magnetization transfer steps associated with 13C spin–lattice re-
laxation measurements and cross-polarization dynamics, we assessed
the dynamics of the KpOmpAmembrane domain in bilayers composed
of E. coli polar lipid extracts. A new and reﬁned picture of the loops dy-
namics emerges from the comparison of ssNMR data in lipid bilayers
and heteronuclear NOE data previously obtained in a micellar environ-
ment [9].
2. Materials and methods
2.1. Expression, puriﬁcation and detergent exchange
The cloning, expression and puriﬁcation of K. pneumoniae outer
membrane protein A (KpOmpA) TM domain were performed as de-
scribed previously [9]. For the small-scale reconstitution trials and su-
crose gradient centrifugation, the unlabeled protein was puriﬁed from
E. coli BL21 (DE3) culture grown in Terriﬁc Broth (Invitrogen) medium.
For NMR experiments, the bacteria were grown in M9 minimal medium
supplemented with 2 g/l 15NH4Cl and 2 g/l U-13C6 D-glucose (Cambridge
Isotope Laboratories, Inc.) as the only nitrogen and carbon sources, re-
spectively, producing uniformly [13C, 15N]-labeled KpOmpA TM domain.
For detergent exchange, puriﬁed KpOmpA/Zwittergent 3–14 com-
plexes were incubated with nickel-chelating resin (Ni-NTA Super-
ﬂow, QIAGEN) for 3 h at 4 °C under gentle mixing. The resin-bound
protein was washed three times with 50 ml of 25 mM Tris/HCl (pH 8.5),
150 mM NaCl, 2% n-octyl-β-D-glucopyranoside (OG, Anatrace) and iso-
lated by centrifugation (4000 g, 10 min, 4 °C). The KpOmpA/OG com-
plexes were then eluted in one step with 25 mM Tris/HCl (pH 8.5),150 mM NaCl, 2% OG and 400 mM imidazole. The concentration of the
puriﬁed protein (either in 0.1% Zwittergent 3–14 or in 2% OG micelles)
was determined spectrophotometrically by measuring absorbance at
280 nm and using the theoretical protein molar extinction coefﬁcient
of 50880 M−1 cm−1. The successful refolding of the protein in both de-
tergents was checked with SDS PAGE [26].
2.2. Reconstitution
Protein reconstitution was examined in three types of lipid: DOPC,
DMPC and E. coli polar lipid extract (PLE) (all from Avanti Polar
Lipids). Proteoliposomes containing the TM domain of KpOmpA
were prepared using a detergent dilution method adapted from proce-
dures described by Rigaud et al. [27]. Brieﬂy, each lipid type was dis-
solved in chloroform, and dried under a stream of nitrogen gas and
then in a vacuum chamber overnight. Mixed micelles were prepared
by hydration of the lipid ﬁlm with 25 mM Tris/HCl (pH 8.5), 150 mM
NaCl and 2% OG with a ﬁnal lipid concentration of 6 or 10 mg/ml. Puri-
ﬁed and unlabeledmonomeric KpOmpATMdomain (at a concentration
of 1–3 mg/ml, depending on the different preparations) was added to
the mixed micelles solution at the desired lipid-to-protein ratio (LPR)
and incubated for 10 min at 4 °C. The solution of KpOmpA/OG/lipid ter-
nary complexes was then dialyzed twice (12 h each) against 2 l of the
desired detergent-free buffer at 37 °C to achieve the complete removal
of detergent and imidazole and the formation of large unilamellar ves-
icles (LUVs). In order to screen a large panel of experimental conditions,
the reconstitution trials were conducted in dialysis buttons of ~70 μl
volume. The LPRs tested were between 0.1 and 1 (in 0.1 steps), 10
and 20 (w/w). The different dialysis buffers used in these small-scale re-
constitution trialswere: Buffer A (140 mMNaCl, 20 mMHEPES, pH7.0),
Buffer B (300 mMNaCl, 20 mMHEPES, pH 7.0), Buffer C (100 mMNaCl,
20 mM Tris, pH 8.5), Buffer D (140 mM NaCl, 20 mM Tris, pH 8.5) and
Buffer E (300 mM NaCl, 20 mM Tris, pH 8.5). All buffers contained
0.01% NaN3 to prevent the growth of contaminating bacteria.
2.3. NMR sample preparation
For solid-state NMR (ssNMR) experiments, 22 mg of puriﬁed, uni-
formly [13C, 15N]-labeled KpOmpA in 25 mM Tris buffer (pH 8.5) con-
taining 150 mM NaCl and 2% OG was reconstituted in 11 mg of E. coli
PLE as described above, resulting in an LPR of 0.5 (w/w), equal to a
molar ratio of ~15 lipid molecules per protein molecule. The mixture
was transferred to a dialysis tube with a 12–14 kDa cutoff (SpectraPor)
and dialyzed twice against 2 l of 25 mM Tris/HCl (pH 8.5), 150 mM
NaCl. Following the removal of detergent and imidazole, and the forma-
tion of LUVs during the ﬁrst two dialysis steps, the dialysis buffers were
exchanged every 12 h with a gradual decrease in the concentration of
NaCl in 25-mM steps until the salt was completely removed. The size
of the resulting proteoliposomes was veriﬁed by dynamic light scatter-
ing (DynaPro NanoStar, Wyatt Technology Corporation) and had a
major population of particles that were ~1–3 μm in diameter (data
not shown). The LUVs were collected by centrifugation (200000 g,
90 min, 10 °C) and partially dehydrated under a stream of nitrogen
gas until the total sample weight was reduced to ~50 mg. This value
corresponded to approximately 33 mg of protein/lipid material with
an LPR of 0.5 (w/w) and 17 mg water (30 w/v% of the entire sample).
The proteoliposomes were then transferred to a 4-mm magic angle
spinning (MAS) rotor by low-speed centrifugation (3000 g, 10 min,
10 °C) and subsequently analyzed by ssNMR spectroscopy.
2.4. Sucrose gradient centrifugation and colorimetric assays
Unlabeled KpOmpA-containing liposomes prepared in exactly the
same way as the ssNMR sample (but not dehydrated under a stream
of nitrogen gas) were collected (15000 g, 20 min, 4 °C) and subjected
to centrifugation at 4 °C in a 20–60% continuous sucrose gradient for
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mogeneity and veriﬁcation of the LPR. The isolated single band was
subsequently analyzed for protein content by Lowry titration [28]
and for lipid content by phosphoric acid titration [29].
2.5. Transmission electron microscopy
The reconstitution of KpOmpA into lipid bilayers was checked by
transmission electron microscopy. For that purpose the sample was
adsorbed to a carbon-coated copper grid, which was rendered hydro-
philic by glow discharge at low pressure. The grids were then washed
in nanopure water (resistivity>18MΩ·cm), stained with 2% (w/v)
uranyl acetate, blotted and air-dried. Electron micrographs were
recorded on a charge-coupled device (CCD)with a CM100 transmission
electron microscope (FEI, Eindhoven, Netherlands) operated at 80 kV
acceleration voltage.
2.6. NMR spectroscopy
ssNMR experimentswere carried out on a Bruker AVANCE standard-
bore NMR spectrometer (Bruker Biopsin) operating at a 1H Larmor fre-
quency of 700 MHz and equipped with a 4 mm-double resonance 1H-
{15N–13P} cross-polarization (CP)-MAS probe. The MAS frequency was
set to 12 kHz and the sample temperature was regulated at 20 °C. The
typical π/2 pulse length for 1H was 3.1 μs. Unless otherwise indicated,
the 1H–13C CP magnetization transfer step employed a linear ramp
(50 to 100% ﬁeld strength) on the 1H channel. 1D CP-MAS spectra
were obtained using a CP contact timeof 400 μs and a 13C radio frequen-
cy ﬁeld of 60 kHz. High-power proton decoupling was obtained using
TPPM [30] schemes and a decoupling ﬁeld of 80 kHz. 2D 13C–13C
proton-driven spin diffusion (PDSD) [31] experiments were performed
using similar acquisition parameters and a PDSDmixing time of 40 ms.
The 13C spin–lattice relaxation measurements were achieved using 2D
T1-edited (13C–13C) PDSD correlation experiments (i.e., with a 90°–τ–
90° element between the 1H–13C CP and t1 evolution period). Spectra
were obtained for nine spin–lattice relaxation times (0.02, 10, 100,
250, 500, 700, 1000, 2000 and 4000 ms), using 48 scans for each of
the 364 t1 increments. Characteristic Cα–Cβ cross-peaks of Thr and Ser
residues were integrated. Cross-peak integrals were plotted as a func-
tion of the T1 relaxation delay (τ) and ﬁtted using a mono-exponential
decay function to determine T1 relaxation time. The CP dynamics mea-
surement relied on 13 2D 13C–13C PDSD correlation experiments using
76 scans for each 256 t1 increments and employing CP contact times of
0.025, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 1, 2, 4 and 8 s. Cross-peaks in-
tensities of Thr and Ser Cα–Cβwere plotted as a function of the CP con-
tact time and ﬁtted with the equation of the two-stage model to
determine the TCP and T1ρ values [32]. Uncertainty in values was deter-
mined from the standard errors of the ﬁtting. 1D (1H)–13C refocused-
INEPT (with 1JCH of 142 Hz) and 13C direct excitation experiments
employed π/2 pulse lengths of 3.1 μs (1H) and 4 μs (13C), corresponding
to 1H and 13C RF ﬁelds of 80 and 62 kHz, respectively. Similarly to CP-
based ssNMR experiments, proton decoupling was achieved using SPI-
NAL64 schemes [33] and a decoupling ﬁeld of 80 kHz. For 13C direct
and CP measurements, 2 K scans were acquired, and 12 K scans were
acquired for the refocused-INEPT experiment. 1H and 13C chemical
shifts were referenced with respect to DSS. Spectra were processed
using topsin1.3 (Bruker Biospin) and T1 and CP dynamic curves were
ﬁtted using the GOSA program [34].
3. Results
3.1. Screening of experimental conditions for the reconstitution of
KpOmpA TM domain in lipid bilayers
Prior to the overexpression, puriﬁcation and reconstitution of la-
beled K. pneumoniae outer membrane protein A (KpOmpA) for solid-state NMR (ssNMR) experiments, several reconstitution trials were
conductedwith non-labeled protein in order to optimize the conditions
for the formation of proteoliposomes in terms of lipid composition,
lipid-to-protein ratio (LPR) and dialysis buffer. The examination of
negatively stained preparations by electron microscopy represents a
suitable tool for this purpose because it enables rapid visualization
and diffraction pattern-based analysis of the different preparations in
order to identify regions of long-range orderedmolecules in the bilayer.
The goal of these pilot experiments was to establish conditions suitable
for the arrangement of the protein in 2D crystals, which is beneﬁcial for
the ssNMR spectroscopic sensitivity and spectral resolution.
The reconstitution of KpOmpA into liposomes was achieved by
slow dialysis-driven detergent removal. This is particularly important
in the case of samples with low LPRs, in which the relatively large
amount of protein must receive sufﬁcient time for incorporation into
the newly formed bilayers. Because the detergent used for the protein
puriﬁcation (Zwittergent 3–14) has a low criticalmicellar concentration
(CMC~0.012%), it is unsuitable for removal in this manner and therefore
was exchanged for the high-CMC detergent n-octyl-β-D-glucopyranoside
(OG, CMC~0.7%), which is commonly used for the solubilization of
E. coli OmpA [35]. The homogeneity of the micelle size was checked
with gel ﬁltration (data not shown) and the protein was found to be
monomeric, as expected. Fig. 1E (lanes 1 to 4) shows an SDS PAGE gel
of puriﬁed KpOmpA TM domain in 0.1% Zwittergent 3–14 (lanes 1
and 2) and in 2% OG (lanes 3 and 4), with the folded (lanes 1 and 3)
and unfolded (heat-denatured, lanes 2 and 4) states visualized by the
different migration of the bands [26]. The protein in 2% OG was then
mixedwith a particular lipid type and dialyzed following the procedure
described in thematerials andmethods section to obtain proteoliposomes.
The different trials were checked macroscopically, and then by electron
microscopy.
We tested three types of lipids: DOPC, DMPC and E. coli polar lipid
extract (PLE). These lipid types were chosen to comprise a variety of
chain lengths and acyl chain saturation levels: the DOPC has long
and unsaturated chains (18:1/18:1); the DMPC is shorter and saturated
(14:0/14:0); and the “native-like” lipid mixture of the E. coli PLE con-
tains different levels of lengths and saturation in its composition of
L-α-phosphatidylethanolamine (67.0%), L-α-phosphatidylglycerol
(23.2%) and cardiolipin (9.8%). The dialysis buffers tested encompassed
different pH and ionic strengths. The range of LPRs investigated varied
from 0.1 to 20 (w/w), corresponding to ~1 protein for between 3 and
600 lipidmolecules. The results of these trials to determine appropriate
conditions for the formation of proteoliposomes are reported in Fig. 1A.
We initially observed that samples contained high levels of macro-
scopically visible aggregated protein and/or vesicles, usually in condi-
tions of lower pH and higher salt concentrations. The negative effect
of low pH on sample quality is illustrated by the DOPC sample, which
produced small and aggregated vesicles (Fig. 1B, pH 7.0). Based on the
reconstitution trials, we concluded that, independently of the chosen
LPR and ionic strength, the lower pH (HEPES at pH 7.0) does not appear
to be as suitable for the formation of proteoliposomes as the higher pH
(Tris at pH 8.5). This result agrees with previous observations that
OmpA (as well as several other Omps) exhibits improved folding in
slightly basic conditions [36,37]. We therefore excluded the samples
at pH 7.0 from further experiments.
Because NMR is a demanding technique in terms of sensitivity, it is
imperative to keep the LPR to a minimum in order to maximize the
quantity of protein in the sample.We systematically observed aggregated
samples at very low LPRs (i.e., 0.1–0.3 w/w) for any buffer condition,
and to a lesser extent for smaller LPRs (i.e., 0.3 and 0.4) at higher pH
and salt concentrations. As an illustration of the lack of sample homoge-
neity at low LPR values, Fig. 1C shows an aggregated DMPC samplewith
an LPR of 0.2 and a high pH (8.5). Such a low LPR (corresponding to ~6
lipidmolecules per proteinmolecule), in the absence of 2Dprotein crys-
tallization, threatens overall sample homogeneity andmight lead to ag-
gregation of at least part of the protein population. All of the lipids
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Fig. 1. Screening for the reconstitution of KpOmpA TM domain in lipid vesicles. (A) Summary of experimental conditions screened for the reconstitution of KpOmpA in lipid vesicles.
Positive hits are identiﬁed with a white box and a black dot. Black boxes represent rejected conditions in which the samples were heavily aggregated. Gray boxes represent inter-
mediate conditions: sample exhibiting moderate aggregation and/or presenting a threat to the overall homogeneity (too low LPR) or to the efﬁciency of centrifugation (too high
LPR). Reconstitution buffers are labeled from A to E: Buffer A, 20 mM Hepes (pH 7.0), 140 mM NaCl; Buffer B, 20 mM Hepes (pH 7.0), 300 mM NaCl; Buffer C, 20 mM Tris–HCl
(pH 8.5), 100 mM NaCl; Buffer D, 20 mM Tris–HCl (pH 8.5), 140 mM NaCl; Buffer E, 20 mM Tris–HCl (pH 8.5), 300 mM NaCl. (B–D) Electron micrographs of negatively-stained
KpOmpA-containing vesicles with different conditions (the scale bar is 200 nm); (B) the lower pH reduces the sample quality, resulting in small, aggregated vesicles when the pro-
tein is reconstituted at LPR of 0.4 (w/w) in DOPC (20 mM HEPES at pH 7.0, 140 mM NaCl). (C) Sample aggregation at LPR of 0.2 (w/w) in DMPC (20 mM Tris at pH 8.5, 100 mM
NaCl). (D) Vesicle with reconstituted KpOmpA TM domain at LPR of 0.5 (w/w) in E. coli polar lipid extract (PLE, 20 mM Tris at pH 8.5, 140 mM NaCl). (E) Coomassie stained
SDS PAGE gel of KpOmpA TM domain in different environments. The KpOmpA TM domain puriﬁed in 0.1% Zwittergent 3–14 (lanes 1 and 2), in 2% OG after detergent exchange
(lanes 3 and 4) and in E. coli PLE after reconstitution for ssNMR experiments (lanes 5 and 6). The aliquots on lanes 1, 3 and 5 represent the native fold of the β-barrel, whereas
those on lanes 2, 4 and 6 are heat-denatured (100 °C, 5 min) and the protein bands appear at their expected positions (~23.4 kDa) from the marker ladder on the left lane.
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the LPR were too low. An LPR of 0.5 (w/w, corresponding to about 15
lipids per protein molecule) is acceptable for our purposes, as this con-
dition signiﬁcantly reduces the probability of protein aggregation and
still enables the preparation of a sample for NMR containing more
than 20 mg of protein. For example, Fig. 1D demonstrates the homoge-
neity of a typical sample at this LPR value in E. coli PLE. Control 1D and
2D PDSD 13C NMR spectrawere performed at LPR=1 and no difference
was observedwith those at LPR=0.5. Therefore, sampleswith an LPR of
0.5 were selected for use in ssNMR experiments, and samples with an
LPR above this value and a high salt concentration were discarded
(see gray squares in Fig. 1A).
Further examination of the different pilot samples led to the conclu-
sion that themost suitable lipid type for our purposeswas the E. coliPLE,
although we concluded that all three lipids tested were appropriate for
the dialysis-based reconstitution of KpOmpA in these conditions. How-
ever, the substantially longer chains of DOPC (18:1/18:1) form bilayerswith a thickness (~5.5 nm at room temperature [38]) that does not cor-
relate closely with the section of the protein known to be embedded in
themembrane (~2 nm), and this hydrophobicmismatch could result in
altered dynamics at the interface between the β-barrel and the loops.
Conversely, DMPC has the disadvantage of a higher gel to ﬂuid phase
transition temperature (~23 °C). However, the E. coli PLE is usable at
room temperature and shouldmimic the protein's natural environment
in the outer membrane of Gram-negative bacteria in terms of polar-
head composition.
Finally, in the range of 100–300 mMNaCl, no signiﬁcant inﬂuence of
the ionic strength on protein reconstitution was observed by electron
microscopy. The electron diffraction experiments provided no evidence,
in any sample preparations, of the existence of 2D-crystals, such as
those observed with OmpG [39]. The monomeric nature of KpOmpA
and the geometrical symmetry of its β-barrel, combined with the lack
of structural features provided by the loops [40] presumably contribute
to this lack of long-range 2D order. Based on the screening of
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KpOmpA TM domain in E. coli PLE at an LPR of 0.5 (w/w) and in buffer
C (i.e. pH 8.5) without salts, in order to prevent sample heating during
the NMR experiments. The large-scale proteoliposome preparation for
NMR spectroscopy was ﬁrst performed with unlabeled protein and
the full-scale samplewas further characterized by sucrose gradient cen-
trifugation. The gradient centrifugation produced a single, well-deﬁned
band at ~45–47% sucrose that was subsequently analyzed with protein
and phospholipid colorimetric assays. The LPR of the isolated band was
conﬁrmed to be ~0.5 (w/w). The proteoliposomes generated, regardless
of their variation in size and aggregation state, possess the same LPR, as
demonstrated by the single band in the sucrose gradient centrifugation.
The folded and unfolded states of the reconstituted protein were also
veriﬁed with SDS PAGE (Fig. 1E, lanes 5 and 6).
3.2. ssNMR characterization of KpOmpA TM domain in E. coli PLE vesicles
Fig. 2A shows the 2D (13C, 13C) proton-driven spin diffusion (PDSD)
correlation spectrum of (U–13C, 15N)-KpOmpA/PLE proteoliposomes
(LPR of 0.5, w/w) recorded at 20 °C with 40 ms mixing time. Under
these conditions, the lipid bilayer is ﬂuid and the ssNMR spectrum is
dominated by the intraresidue correlation network of the protein. Char-
acteristic one- to three-bond intraresidue CC connectivities were iden-
tiﬁed for several amino-acid types, including Thr, Ser, Pro, Ala and Ile
(Fig. 2A, boxes). As an example, the complete correlation network be-
tween the α, β and γ2 carbons of two Thr residues is shown (solid
and dashed lines). According to standard amino acid-peak positions
[41] and the overall correlation pattern, the PDSD spectrum of KpOmpA
reﬂects predominantly β-sheet and random coil protein segments, in
accordance with the topological proﬁle of the protein in detergent mi-
celles. Spectral resolution is given by 13C line-widths of 0.6–0.9 ppm
for isolated resonances (Fig. 2B). This is in agreement with the litera-
ture, where the typical 13C line-widths observed by ssNMR vary from
0.5 to 0.7 ppm for small (b100 residues) uniformly [13C, 15N]-labeled
proteins in micro-crystalline form [42–44] and seven-helix receptors
(NpSRII) in native membranes [45], respectively. Although the spectral
resolution is high, the CC correlation spectrum is characterized by a sig-
niﬁcant resonance overlap resulting from the high frequency of70 60 50 40180 170
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Fig. 2. (A) Carbonyl and aliphatic regions of the 2D 13C, 13C PDSD correlation spectrum (40 m
E. coli polar lipid extract (PLE) vesicles at a sample temperature of 20 °C with MAS 12 kHz
cated. Dashed lines indicate the characteristic intraresidue CC connectivities of Thr within β
2D 13C, 13C PDSD correlation spectrum at different ω1 13C frequencies. The carbon line-wid
contained 22 mg of protein, 11 mg of lipids and 17 mg of water (lipid/protein molar ratio=occurrence of particular residue types in β-sheet TM segments (e.g.,
Leu and Val) and loop regions (e.g., Ser and Arg), which signiﬁcantly
hampered the resonance assignment procedure and residue-speciﬁc
analysis. We thus compared our results with data obtained using the
perdeuterated KpOmpA TM domain in DHPCmicelles (BMRB accession
code 15651). Prior to chemical-shift analysis, 13Cα∕Cβ chemical shifts
were corrected for the 2H-isotope effect as described by Venters et al.
[46]. The intraresidue correlation network was then calculated from
the corrected solution NMR chemical shifts and the prediction was
overlaidwith the 2DPDSD spectrumof KpOmpA (Fig. S1). A remarkable
agreement between the solution NMR chemical shifts and the overall
CC correlation pattern of KpOmpA was observed, suggesting that the
global fold of the protein in DHPC micelles is well preserved in PLE bila-
yers. Notably, isolated backbone resonances corresponding to Thr, Ser,
Val, Ala and Leu residueswithin KpOmpA TM segmentswere readily ob-
served in the vicinity of peak positions predicted from solution NMR
chemical shifts (Fig. S1, solid squares). In contrast, signiﬁcant deviations
between ssNMR and solution NMR data were observed for a set of resi-
dues located in the unstructuredN-terminal extremity (Ile3, Ile7) and in
the ﬁrst (Asn63 and Pro64) and second (Pro103 and Ile104) periplasmic
turns, suggesting that conformational and/or dynamical changes may
occur around these residues in the lipid environment. Finally, correlations
corresponding to residues within extracellular loops were also visible,
suggesting a reduced mobility within unstructured protein segments in
the lipid environment (Fig. S1, dashed squares).
The contribution of the unstructured extracellular loops to the
KpOmpA PDSD spectrumwas investigated in more detail by examining
the spectral region of the Cα–Cβ resonances of the Thr and Ser residues
(Fig. 3A), which are well-distributed within the extracellular loops
(from L1 to L4) and β-sheet TM segments (TM1, TM3-TM8) of the pro-
tein (Fig. 3C andD). Taking into account the number of residues forming
the cross-peaks, the intensity is systematically smaller when the resi-
due is located in the loop than in the β-sheet (Fig. 3B). Considering
the Thr residues, the intensity of the Cβ–Cα cross-peak is much smaller
for the ﬁve residues constituting the loops (T-33,47,130,174,177) com-
pared with the seven residues of the β-barrel (T-18,97,105,112,139,
154,159). Similarly, the signals of Ser residues within the loops is smaller
compared with Ser signals in the β-sheet protein segments, and only30 20 10
ThrC -C
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IleC -C
IleC -C
AlaC -C
203040506070
0.56
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B
s mixing time) recorded on reconstituted (U–13C, 15N)-labeled KpOmpA TM domain in
and a proton Larmor frequency of 700 MHz. Amino acid-speciﬁc assignments are indi-
-sheet and loop protein regions, respectively. (B) Series of 1D slices extracted from the
ths of the Thr Cα and CH3 resonances are indicated in ppm. The NMR samples typically
15/1).
2349I. Iordanov et al. / Biochimica et Biophysica Acta 1818 (2012) 2344–2353three of eight assigned Ser residues are located into the β-barrel. This dif-
ference in the intensities is obviously induced by different dynamic re-
gimes in two distinct moieties of the protein: the TM domain and the
loops. Thus the CP+PDSD transfer schemes select a subset of the loops'
resonances, attenuating but not completely suppressing the most mobile
signals arising from the loop region. Further characterization of these
remaining resonances is presented in the following section.
3.3. Dynamics of KpOmpA over different NMR time scales
The rotational diffusion correlation times of membrane embedded
proteins are much slower than for small soluble proteins (typically
above microseconds [47]) and NMR relaxation rates are thus sensitive
to dynamics up to microsecond timescales. Various ssNMR methods
have been developed to measure R1, R1ρ, and heteronuclear NOEs
[48–50]. Using extended model free formalism, spectral density func-
tions could be expressed in terms of order parameters and correlations
times for slow and fastmotions and dynamics time scale could be deter-
mined [51,52].75 70 65 60 55
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Fig. 3. (A) Selected region of the 2D 13C, 13C PDSD correlation spectrum showing backbone
assignments are indicated when available. Open rectangles represent spectral regions used f
chemical shifts of KpOmpA TM domain (BMRB 15651 [9]) after correction due to 2H isotope
random-coil (red bars) and β-sheet-like (blue bars) protein segments plotted onto the num
2K0L). (D) Distribution of Thr residues within KpOmpA TM domain. For (C) And (D) the colo
extracellular loops are in red. Two unassigned residues are labeled in dark gray.To investigate the different degrees ofmolecularmobilitywithin the
KpOmpA TM domain, we recorded a series of three 13C-detected 1D
spectra using different excitation schemes (i.e., direct 13C excitation,
1H–13C refocused-INEPT and 1H–13C CP, Fig. 4). The direct 13C excitation
spectrum (Fig. 4A) constitutes the reference spectrum, in which signal
intensities are most directly related to the number of carbons. Accord-
ingly, Thr Cβ resonances revealed similar peak intensities for residues
within the β-sheet (B peak at 71.8 ppm, 7 Thr) and random coil seg-
ments (L peak at 70 ppm, 5 Thr). In contrast, the 1H–13C INEPT spec-
trum (Fig. 4C) displays signal intensity only at 70 ppm, which arises
from the loop regions. Indeed, the 1H–13C INEPT type experiments em-
ploy amagnetization transfer stepmediated by 1H–13C scalar (through-
bond) coupling. This coupling takes a few milliseconds to establish,
duringwhich time themagnetization transfermediated by strong dipo-
lar couplings vanishes due to fast R2 relaxation for rigid segments.
Therefore, only protein segments undergoing fast (ns) isotropic mo-
tions persist in the INEPT spectrum. In contrast, CP-based experiments
ﬁlter out magnetization from spins in fast motional regimes, and thus
signals from rigid protein regions dominate the spectrum. As expected,b-sheet & turns
loops
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2350 I. Iordanov et al. / Biochimica et Biophysica Acta 1818 (2012) 2344–2353in the CP spectrum an intense peakwas observed at 71.8 pm, character-
istic of rigid protein TM segments (Fig. 4B). Interestingly, a signal of
lower intensity is still observed at 70 ppm in the CP spectrum, indicating
the presence of restricted protein motions in the unstructured extracel-
lular loops. These results suggest the presence of multiple motional re-
gimes within the extracellular loops of KpOmpA.
Next, we measured the 13C spin–lattice relaxation time (T1) of the
Cα and Cβ of the Ser and Thr residues from 2D PDSD 13C–13C spectra
by incorporating a longitudinal relaxation delay between the CP and the
ﬁrst 13C time evolution. 13C T1 relaxation is dominated by the C-H dipo-
lar interactionmechanismand depends on themotional regime. The re-
sults of this experiment can only be discussed qualitatively, because
they are averaged over several overlapping residues and because of
the contribution of proton driven carbon-carbon.
spin diffusion [53]. We systematically observed shorter T1 values for
the residues constituting the loops comparedwith those in theβ-sheets
(Fig. 5A). For example, for the Thr Cα carbons: T1-Cα=0.46±0.16 s in
the loops, and T1−Cα=1.14±0.07 s in the β-barrel. For the Ser Cα car-
bons: T1-Cα=0.32±0.18 s in the loops and T1−Cα=1.63±0.30 s in
the β-barrel. This result reveals that there are increased motions in
the loops around the 13C Larmor frequency, because the R1 longitudinal
relaxation rate (1/T1) is enhanced by these motions, with characteristic
times in the nanosecond and sub-nanosecond range.
The dynamics of the CPwere examined by using contact times from
50 μs to 8 ms on the 2D 13C–13C spectrum. The CP dynamics are de-
scribed most simply by a two-stage model. The “build-up” phase starts
at very short contact times and is caused by the initial CP transfer from
1H to the closest 13C via 1H–13C dipolar interactions. This CP transfer is
usually characterized by a constant time, called TCP. This initial phase is
followed by a “decay” phase caused by the relaxation of the spin-locked
1H, with a characteristic time T1ρ [32]. We observed that TCP values for
each residue and carbon type are systematically longer when the Ser
and Thr residues are located in a loop rather than in the β-barrel
(Fig. 5B). For example, TCP for the Thr Cβ is equal to 51±10 μs in the
β-barrel and increases to 108±14 μs in the loops. Similarly, TCP for
the Ser Cβ is 26±10 μs in the β-barrel and 82±14 μs in the loops.7075 ppm80
L
A
B
C
B
Fig. 4. 1D proton decoupled, 13C-detected MAS NMR spectra of reconstituted (U–13C,
15N)-labeled KpOmpA in E. coli PLE vesicles recorded at a MAS frequency of 12 kHz
and a sample temperature of 20 °C. (A) Direct excitation recorded with a 90° pulse
on 13C and accumulated 2 K scans; (B) cross-polarization (CP) transfer MAS recorded
with a CP contact time of 400 μs, with 2 K scans; (C) refocused-INEPT excitation
recorded with 12 K scans. NMR chemical shifts of Thr Cβ resonances characteristic of
β-sheet TM and random coil protein regions (loops) are labeled B and L, respectively.This slower polarization transfer in the loop regions is caused by partial
averaging of the 1H–13C dipolar interaction by the greater mobility of
the loops in the sub-microsecond range.
The T1ρ values extracted from the 2D CP dynamic experiment analy-
sis vary from 1.6 to 3.6 ms depending on the carbon and residue types
(Fig. 5C). These values are in agreement with values reported for
proteorhodopsin in a lipid environment [54]. For the analysis of the
spin–lattice relaxation in the laboratory frame (T1) analysis, the compar-
isonwas restricted to T1ρ values for the same carbon in two distinct sec-
ondary structure elements. In these conditions, both the Cα andCβ of the
Thr residues exhibited larger T1ρ values for residues in the β-barrel com-
pared with the loops (i.e., Thr Cα T1ρ=3.72±0.48 ms and 1.75±
0.29 ms, respectively). The faster average R1ρ relaxation rate in the
loops is probably related to the Thr localization: three of ﬁve Thr resi-
dues constituting the loops (T33, T174 and T177, in orange in Fig. 6)
are located in the region of the loops that undergo restricted mobility
with motions in the ms to μs range, which are known to be important
for R1ρ relaxation. In contrast with the Thr residues, the Cα of the Ser
residues present in the loops exhibited less efﬁcient R1ρ relaxation
and the majority of the Ser residues participating in the loop cross-
peak are located in the C-terminal region of L3 (S129, S133 and S135),
which is highlyﬂexible. These Ser residues are expected to be dominated
by fast isotropic motions, outside the millisecond to microsecond range,
and therefore to give less efﬁcient R1ρ relaxation.0
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Fig. 5. (A) 13C spin–lattice relaxation time (T1) of Cα and Cβ of serine (S) and threonine
(T) residues, (B) and (C) correspond respectively to the cross-polarization build-up
(TCP) and proton spin–lattice relaxation time in the rotating frame (T1ρ) determined
from the cross-polarization dynamics. Gray bars correspond to carbons within β-sheet
TM and turns segments; white bars correspond to carbons within the extracellular loops.
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The structure and dynamics of KpOmpA have been studied by NMR
in two distinct environments: in DHPC micelles [9]; and in E coli polar
lipid extract (PLE) proteoliposomes (present work). Careful optimiza-
tion of the reconstitution protocol has permitted the preparation of ho-
mogeneous liposomes with a large lipid to protein ratio (LPR=0.5,
typically 22 mg protein for 11 mg lipid, molar ratio of 1 to 15) that is
compatible with a detailed ssNMR characterization, which is quite de-
manding in terms of sensitivity. Electron microscopy demonstrated
the samples to be homogeneous under these conditions, with no indica-
tion of 2D crystallization of the protein in the lipid bilayer planes. 2D
PDSD showed good resolution of the 13C resonances and signiﬁcant
similarity between 13C chemical shifts in bilayers and in DHPCmicelles,
revealing that the overall fold of the protein is identical in both environ-
ments. 2DPDSDacquired at a LPR of 1 and0.5were identical, suggesting
that the molecular crowding did not affect much the protein dynamics
in this range of protein concentration. The lipid to protein ratio in
Gram negative bacteria outer membranes is estimated to in the 0.5 to
1 range [55–57], i.e. not so far from our experimental conditions. The
KpOmpA TM domain has been demonstrated to exhibit ns- to μs-
timescale molecular motions when embedded in detergent micelles
[9]. Heteronuclear 1H–15N NOE relaxation of the backbone 15N spins
was used to probe the picosecond to nanosecond dynamic ﬂuctuations
of individual N\H bonds, chemical exchange line-broadening of the
backbone amide resonances were sensitive to microsecond to millisec-
ond backbone motions, and 2H2O/H2O solvent exchange experiments
were used to probe slower dynamic processes (seconds to days). Amo-
bility gradient was observed, from the rigid β-barrel embedded in the
hydrophobic core of the micelles to the disordered and highly dynamic
loops. At the boundary of these two regions (i.e., the interface region),
residues exhibited intermediate motions with characteristic times of
micro- to milliseconds, as reﬂected by the extended conformational
exchange-induced line broadening. Inmost of theβ-barrel-to-loop inter-
face, and despite the large heteronuclear NOE values that reﬂect an or-
dered structure, residues belonging to the β-barrel (Fig. 6, squaresK
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Fig. 6. Dynamics of KpOmpA TM domain in lipid bilayers. Topological representation of Kp
protein segments. Residues within β-sheet and random coil regions are represented by sq
DHPC micelles and E. coli polar lipid extract bilayers, residues that experience fast isotropi
that exhibit restricted mobility in DHPC micelles are highlighted; they correspond to resid
0.6±0.1 (light orange). Unassigned residues are colored in gray.in orange) exhibit conformational exchange, characterized by line-
broadening at different temperatures and static magnetic ﬁeld
strengths. This conformational exchange is propagated toward the
loops, in which regions the induced line-broadening increased to the
extent that it hampered the assignment of resonances (Fig. 6, orange
circles ﬁlled with gray). Moreover, restricted mobility was measured
from heteronuclear NOE values (average value of 0.6±0.1) for residues
with random coil chemical shifts from S28 to N38 in L1, from D122 to
Y127 in L3 and for the entire L2 and L4 loops (Fig. S3 in [9]).
In lipid bilayers, KpOmpA dynamics had to be studied by ssNMR ap-
proaches, such as T2-ﬁlter, dipolar- and scalar-based polarization trans-
fer, to identifymobile and static moieties [54,58]. Several approaches to
assess internal dynamics in a site-speciﬁc manner have been reported,
such as 15N spin–lattice relaxation rates and averaged dipolar and/or
CSA interactions [49,50,59]. However, due to the relatively largemolecu-
lar weight of KpOmpA, a residue type speciﬁc approach was used, with
observations focused on the Thr and Ser resonances, which are well-
distributed within the 3D fold, as shown in Fig. 3. All of the evidence de-
scribed in the results section indicates that KpOmpA has an identical
structure and dynamics in micelles and in lipid bilayers. The 2D PDSD
experiments demonstrate that the carbon chemical shifts are highly
similar in both environments, as shown in Fig. S1. Ser and Thr are
well-distributed throughout the β-sheet and random coil environ-
ments. The resonances from residues in the β-barrel possess all of the
characteristics of rigid segments; for example, shorter TCP build-up
rates, the absence of signal in INEPT-based excitation and longer T1 re-
laxation times. Loops L2 and L4, and the N-terminal parts of loops L1
and L3 are subjected tomillisecond tomicrosecondmotions (as revealed
by longer TCP and shorter T1ρ times for Thr signals), whereas the
C-terminal part of loops L1 and L3 are subjected to motions of higher
frequency and/or higher amplitude (as revealed by the Thr signals ob-
served in an INEPT excitation scheme, and by the longer T1ρ of the Ser
129, 133, 135 resonances in L3).
Taken together, the differences observed in the behavior of the Ser
and Thr residues suggest that the dynamics with an intermediate time
scale that were observed for KpOmpA in micelles [9] persist at theARIM
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2352 I. Iordanov et al. / Biochimica et Biophysica Acta 1818 (2012) 2344–2353membrane interface in presence of lipid bilayers, where there are spe-
ciﬁc constraints such as lipid lateral pressure andmembrane strain cur-
vature. This conservation of dynamics in different conditions could be
related to the amino acid composition of the protein at the interface. In-
deed, it has been demonstrated that themutation of Trp residues to Phe
in OmpA from E. coli reduces the conformational exchange phenomena
[19] and allows the assignment of more residues at the interface. How-
ever, no conformational exchange processes probed by relaxation dis-
persion experiments in the millisecond to microsecond range were
revealed for any of the observable residues of E. coli OmpA, suggesting
the absence of global backbone conformational changes [60]. Such global
changes have been reported for PagP in micelles [61].
The C-terminal halves of L1 and L3 in KpOmpA exhibit typical loop
behavior, with random coil chemical shifts, few unassigned residues
and fast isotropic dynamics (Fig. 6). Approximately half of the residues
in L2 and L4 remain unassigned, due tomillisecond tomicrosecond con-
formational exchange processes. These exchange phenomena seem to
propagate up to the center of the loops that presents a restrictedmobility.
Interestingly, the alignment of KpOmpAwith its E. colihomolog shows a
high level of similarity between their respective loops L2 and L4, where-
as the other two loops (L1 and L3) are more diverse (Supplementary
Fig. 2). It is unclear whether the conservation of L2 and L4 is the result
of evolutionary pressure, similar to that exerted on the conserved
β-barrels of thesemolecules. The structural importance of the extracel-
lular loops is still discussed. Datta et al. [62] suggested that inter-loop
interactions are critical for maintaining the 3D structure of OmpA
from E. coli, whereas Koebnik claimed that the structural integrity of
the protein is entirely attributed to the β-barrel and turns region, be-
cause loop-truncated mutants did not exhibit thermal instability [40].
Surprisingly, in the same study by Koebnik et al., these highly disor-
dered loops were not digested by subtilisin, provided that the full com-
plement of loops was present, although the truncated mutants were
more susceptible to digestion. We also observed (data not shown) for
KpOmpA that Lysine-C endoprotease is not able to cleave the loops, de-
spite the fact that there are two Lys residues in L2 and one in the L3
N-terminal half. Hence, our NMR data correlates well with the results
of biochemical experiments. It was previously reported that E. coli
OmpA and KpOmpA are necessary for invading brain endothelial cells
[63] and bronchial epithelial cells [64], respectively, and that both pro-
teins participate in bacterial survival in macrophages. A detailed study
with a variety of mutants established the importance of the different
loops of E. coli OmpA during these immunological processes [65,66].
L2 contributes to bacterial survival in dendritic cells and polymorpho-
nuclear lymphocytes, as well as inﬂuencing the immune response by
binding, togetherwith themore conserved L4, to the complement pathway
regulator C4bp. Interestingly, the loopmutants that exhibited reduced inva-
sivenesswere thosewithalteredaminoacids in the interfacial, less dynamic
regions of L2 and L4, as well as the less ﬂexible segment of L1 emanating
from the β-barrel immediately after the ﬁrst β-sheet (Fig. 6).
Taken together, these data suggest that the reduced mobility in
certain loop areas correlates with their level of evolutionary conservation
(highest in L4) and their propensity for involvement in bacteria invasion.
This could be explained either by the contribution of these regions to the
stability of the underlying, and similarly well-conserved β-barrel and/or
by their function as “antigen presenting” segments, responsible for proper
positioning of the host receptor-bindingmotifs found in the highly disor-
dered extremities of the loops. The residues found “on top” of the loops
are both the most variable and the most mobile. More precisely, our ob-
servations in solution and ssNMR indicate that two regions of loop L1
(from G39 to T47) and of loop L3 (from A128 to E136) are the most mo-
bile segments of the outer surface of KpOmpA.
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